Abstract The MUTYH gene is involved in base excision repair. MUTYH mutations predispose to recessively inherited colorectal polyposis and cancer. Here, we evaluate an association with breast cancer (BC), following up our previous finding of an elevated BC frequency among Dutch bi-allelic MUTYH mutation carriers. A case-control study was performed comparing 1,469 incident BC patients (ORIGO cohort), 471 individuals displaying features suggesting a genetic predisposition for BC, but without a detectable BRCA1 or BRCA2 mutation (BRCAx cohort), and 1,666 controls. First, for 303 consecutive patients diagnosed before age 55 years and/or with multiple primary breast tumors, the MUTYH coding region and flanking introns were sequenced. The remaining subjects were genotyped for five coding variants, p.Tyr179Cys, p.Arg309Cys, p.Gly396Asp, p.Pro405Leu, and p. 
Introduction
The MUTYH gene (muty homolog [Escherichia coli], MIM *604933) encodes a DNA glycosylase involved in base excision repair (BER). MUTYH, in cooperation with OGG1 and NUDT1, prevents G:C [ T:A transversions, resulting from 8-oxo-G:A mispairs generated by oxidative damage. MUTYH germline mutations cause the recessively inherited phenotype: MUTYH-associated polyposis (MAP, MIM #608456), via somatic G:C [ T:A mutations in APC and KRAS [1] [2] [3] . The mono-allelic (heterozygous) pathogenic MUTYH mutation frequency is 1-2% in the population of European descent. Bi-allelic mutations (homozygous or compound heterozygous) are estimated to occur in 1:2,500-1:10,000. In Dutch MAP patients, three founder mutations (p.Tyr179Cys, p.Gly396Asp, and p.Pro405Leu) account for up to 90% of the pathogenic MUTYH mutations [4] . Bi-allelic MUTYH mutation carriers have a 28-fold increased colorectal cancer (CRC) risk, while mono-allelic carriers have a moderately increased CRC risk (OR up to 1.34) [5] .
Recently, two studies suggested a possible breast cancer (BC) risk for bi-allelic MUTYH mutation carriers. A significantly increased incidence (4/22, 18%) of BC was found among Dutch female bi-allelic MUTYH mutation carriers, as compared to the Dutch population [4] . Of these four BC patients, three were diagnosed before the age of 55 years and three had multiple breast tumors. In a next study, combining Dutch, German, and British MAP patients, 8/118 (6.8%) females and 1/158 (0.6%) males were diagnosed with BC. The standardized incidence ratio (SIR) was significantly increased for male BC and also for female BC, when taking into account multiple breast tumors per patient [6] . Furthermore, heterozygous MUTYH founder mutations were found to be significantly increased among index-patients with BC and/or CRC, from families with both BC and CRC (6/138, 4.3%), as compared to controls (23/1192, 1.9%), with exclusion of families with colorectal polyps [7] , indicating a possible BC risk for MUTYH mutation heterozygotes.
Several independent findings support a possible role of MUTYH in BC. First, like MUTYH, many BC genes encode proteins involved in the DNA damage response, e.g., BRCA1/2 and CHEK2. Second, oxidative DNA damage due to hormonal metabolism, including 8-oxoG, is believed to contribute to BC [8] [9] [10] [11] [12] . Third, somatic APC mutations have been described in a substantial proportion of breast carcinomas (13/70, 18%) . Of the detected mutations, 5/15 were substitutions, of which 4 (80%) were G:C [ T:A [13] . Fourth, an increased frequency of mammary tumors was found in both MUTYH-and APC-deficient mice compared to mice with an APC deficiency only [14] . Fifth, besides nuclear DNA damage, mitochondrial DNA (mtDNA) damage probably contributes to BC and MUTYH is abundantly expressed in mitochondria [15] . Finally, variants in the DNA mismatch repair (MMR) genes have been found to be weakly associated with BC [16] .
The aim of this study was to extensively validate an association of MUTYH mutations with BC, as suggested in three previous studies [4, 6, 7] . We first explored the MUTYH mutation spectrum in BC patients by sequencing the entire MUTYH coding region in 303 cases not selected for family history. We hypothesized that the MUTYH mutation spectrum could differ between BC and MAP patients. Next, we established the frequency of pathogenic MUTYH founder mutations in 1,469 incident BC patients and 1,666 controls. We also explored whether common MUTYH variants and haplotypes were associated with BC, by genotyping tagging single nucleotide polymorphisms (SNP). Finally, we investigated if non-BRCA1/BRCA2 familial BC patients (called BRCAx) have an increased MUTYH variant frequency, as compared to incident BC patients and controls. BRCAx patients might harbor so far undetermined high-risk gene variants and/or variants in multiple interacting high and low risk genes [17, 18] . This study reports the largest series of incident BC patients as reported to date and for the first time MUTYH mutation frequencies in BRCAx patients.
Patients and methods

Patient samples
Two BC patient groups were studied. The first group consisted of 1,518 incident BC patients, sampled for DNA examination in Rotterdam and Leiden between 1997 and 2008 (''ORIGO'' cohort) [19] . Of this cohort, 1,469 remained after exclusion of patients with known BRCA1 (33), BRCA2 (12), MLH1 (2), MSH2 (1), and PTEN (1) mutations. The second group was designated the ''BRCAx'' cohort, consisting of 471 unrelated subjects who underwent BRCA1/2 mutation screening at the Leiden University Medical Center (LUMC), The Netherlands, based on their family history and/or age at cancer diagnosis, but were not identified as BRCA1/2 mutation carriers. The 471 subjects included 376 BC patients (of whom 10 males), 29 ovarian cancer patients, and 7 patients with both breast and ovarian cancer. The remaining 59 subjects were tested for BRCA1/2 mutations because of a strong family history of breast, ovarian or other BRCA1/2-associated tumors [20] . As controls, 1,666 individuals were studied, originating from the South-Western part of the Netherlands, consisting of 165 partners of members from BC families, 254 female subjects screened for non-cancerrelated genetic diseases and 773 healthy female blood donors [7, 19] . Approval from the Medical Ethical Review Board of Leiden University Medical Centre and informed consent from all the individuals had been obtained (P06.060).
Sequencing and genotyping
Molecular genetic tests were performed on blood-derived DNA. Direct sequencing was performed for the coding region and exon/intron boundaries of MUTYH as described [4, 21] . Variants were annotated using NM_001128425.1 as reference sequence (www.lovd.nl/MUTYH, www.ncbi. nlm.nih.gov/genbank/) [22] Power calculations showed that with 1,300 incident patients and 1,300 controls (a rounded estimate taking into account missing genotypes), and a heterozygote frequency of 2% in the controls, we had 80% power to detect heterozygote frequencies above 4% in the patients (OR 2.0) at p \ 0.05. With 450 BRCAx patients and 1,300 controls there is a power of 80% to detect a heterozygote frequency of 5% or higher (OR 2.6).
Unphased genotypes of the nine variants were loaded into Haploview software version 4.1 to test for associations of haplotypes and to test for Hardy-Weinberg equilibrium (HWE) [23] .
Results and discussion
Sequencing of the MUTYH coding region
We first evaluated the spectrum of MUTYH variants by direct sequencing of the entire MUTYH coding region in 303 consecutively collected DNA samples from incident BC patients (ORIGO cohort). To enrich genetically susceptible cases, we selected cases with either a diagnosis before 55 years of age (N = 247) or with multiple primary BCs (N = 56, Table 1 ). Detected variants were compared to data from literature (www.lovd.nl/MUTYH, [1, 22, 24, 25] and dbSNP (build 133, www.ncbi.nlm.nih.gov/ projects/SNP). In the 303 patients, no bi-allelic pathogenic mutations were found. Of the three Dutch pathogenic founder mutations, only p.Gly396Asp was detected, in two heterozygous patients (0.7%). The mutations, p.Tyr179Cys and p.Pro405Leu, were not found or any other known pathogenic mutations. This was lower compared to the total prevalence of heterozygous pathogenic MUTYH mutations in control populations of European descent (1-2%) [26] .
Eighteen patients (5.9%) carried a variant of uncertain significance (VUS), of which 13 carried an intronic variant (without predicted RNA splice effect). We found three different coding VUS in five patients (c.56G[A (p.Arg19Gln), c.312C[T (p.Tyr104Tyr), and three times c.925C[T (p.Arg309Cys)). The variant, p.Arg309Cys, has been described as a VUS in polyposis patients [6, 27] . Its effect was tested in one functional study, and showed normal glycosylase activity [28] . Three of the observed VUS were novel (c.56G[A (p.Arg19Gln), c.1186? 46G[A, and c.1518?90A[G), but in silico analyses showed no clear indications for pathogenicity (i.e., low Grantham scores, weak nucleotide and amino acid conservation and no predicted effects on RNA splicing were observed using Alamut). Common polymorphisms were found in similar frequencies as in populations of European descent. In the 56 patients with multiple primary breast tumors, the polymorphism c.64G[A (p.Val22Met) was found about half as frequently, and the polymorphism c.1544C[T (p.Ser515Phe) about twice as frequently, compared to the patients with a single breast tumor (Table 1) .
Case-control study by genotyping selected variants
We selected five candidate variants and four tagging SNPs in MUTYH for further genotyping in the entire group, totaling the 1,469 incident BC patients (ORIGO cohort), 1,666 controls, and 471 subjects at increased risk for carrying BRCA1/2 mutations (BRCAx). The candidate variants included the three common Dutch founder mutations (p.Tyr179Cys, p.Gly396Asp, and p.Pro405Leu), and two non-synonymous variants detected more than once in the 303 sequenced patients [p.Arg309Cys (VUS) and p.Ser515Phe (rare polymorphism)]. The four tagging SNPs were selected from the HapMap database (http:// hapmap.ncbi.nlm.nih.gov/), as representative for MUTYH polymorphisms with minor allele frequencies (MAF) of 5% or higher. Of these four tagging SNPs, three were in the area covered by direct sequencing (p.Val22Met, c.504?35G[A, and p.Gln338His) and one was located outside this area, in intron 1 (c.37-2487G[T) ( Table 1) . No deviations from HWE were observed in any group. In the incident BC patient, BRCAx and control groups, no bi-allelic combinations of pathogenic mutations were detected. One control sample was homozygous (bi-allelic) for the rare polymorphism, p.Ser515Phe. Heterozygotes for the polymorphism, p.Val22Met, occurred less frequently among the incident BC patients (9.4%, OR 0.74, 95% confidence interval (CI) 0.59-0.93, p = 0.03), as compared to the controls (12.3%), suggesting a protective effect of the minor allele. A similar trend observed in the BRCAx group ( Table 2 ). The frequency of the pathogenic variant, p.Gly396Asp, was approximately twice as high in the BRCAx subjects (2.0%, OR 2.11, 95% CI 0.88-5.03, p = 0.13) as in the controls (0.9%), and the incident BC patients (1.0%). Likewise, the frequency of the VUS p.Arg309Cys was twice as high in the BRCAx subjects (1.5%, OR 2.19, 95% CI 0.81-5.89, p = 0.15) as in the controls (0.7%), and the incident BC patients (0.4%, Table 2 ). The increased frequencies of p.Gly396Asp and p.Arg309Cys among BRCAx subjects might suggest an enrichment of MUTYH variants in this familial group, analogous to what was found for CHEK2 [18] .
On the whole, our study showed no significantly increased BC risk associated with MUTYH variants. However, for two variants, p.Gly396Asp and p.Arg309Cys, a doubled frequency of heterozygous carriers was found in the BRCAx group, compared to the incident BC group and controls, resulting in a non-significant OR of 2.1-2.2 (Table 3) . Interestingly, in a study among Sephardi Jews of North African descent (389 cases and 541 controls), p.Gly396Asp heterozygotes were found to be significantly increased in BC patients (6.7%) compared to controls (3.7%) [29] . However, no significant difference was found for the p.Tyr179Cys and p.Gly396Asp mutations in a study of 691 incident BC patients and 812 controls from Canada [30] . Also, in a large case-control study in subjects from USA and Poland, no major role in BC was found for eight polymorphisms in six BER pathway genes, among which one variant in OGG1 and one in MUTYH (c.-127C[T) [31] . For the common MUTYH variant p.Gln338His, no significant difference was found between 547 BC patients and 287 controls [32] . Although our study reports the largest case-control study so far, the power was insufficient to detect frequency differences below a certain mutation frequency. We expect that an OR of 2.0 (incident BC patient group) or 2.6 (BRCAx group) or more has been excluded by our study, but for detection of smaller risks, larger studies are needed.
Association of haplotypes
To investigate a potential effect of untyped variants in linkage disequilibrium (LD) with the genotyped MUTYH variants, an analysis of haplotypes was performed. One block with five haplotypes with a frequency above 1% was discerned from the unphased genotypes of the four tagging polymorphisms and one candidate variant. Two haplotypes had a frequency above 20% (Tables 2, 3 Table S1 ) and BC family history (Supplementary Table S2 ) were analyzed in the incident BC group (ORIGO cohort). Also an association with CRC in the index patient and/or family history was tested (Supplementary Table S2 ). Heterozygous carriers of mutation, p.Tyr179Cys, were older at BC diagnosis (60.8 years, n = 11) compared to carriers of two wild-type alleles (52.7 years, n = 1,358, p = 0.01). Among heterozygous carriers of polymorphism, p.Ser515Phe, the frequency of patients with multiple primary breast tumors was higher (9/ 34, 21%) than in carriers of two wild-type alleles (149/ 1,177, 11%, p = 0.06). Analyses in larger groups are necessary to confirm these trends. To look for possible specific MUTYH effects on breast tumor characteristics, we analyzed available immunohistochemistry data and tumor histology in the incident BC patients (ORIGO cohort) in relation to MUTYH genotypes. No statistically significant differences were found for ER and PR (Supplementary Table S3 ). Heterozygotes for minor alleles of several rare variants (p.Tyr179Cys, p.Arg309Cys, and p.Ser515Phe) showed a significantly higher frequency of lobular histology, combined with a lower frequency of ductal histology. For example, this effect was the strongest among p.Ser515Phe heterozygotes, of whom 12/40 (31%) had one or more breast tumors with lobular histology, compared to 171/1,280 (14%) with two wild-type, p.Ser515Phe, alleles (OR 2.9, p = 0.005). Also, the homozygous genotypes of the common variants, c.37-2487T[G, c.504?35G[A, and p.Gln338His, but not p.Val22Met, showed a higher frequency of lobular histology and lower frequency of ductal histology ( Table 3) . As we did not correct for multiple testing, we considered the significantly higher frequency of lobular histology as a trend towards association of MUTYH variants with breast tumor histology type. An association of MUTYH variants with BC histology has not yet been reported before. The one study investigating BC histology type in relation to MUTYH mutations reported no differences for ductal or other BC histology type between 30 patients heterozygous for p.Gly396Asp or p.Tyr179Cys and 359 patients homozygous wild-type for these mutations [29] .
Associations with specific tumor characteristics have been found for high-risk and low risk BC genes. BRCA1-related breast tumors are often ''triple-negative'' (i.e., showing negative immunohistochemical staining for estrogen receptor (ER), progesterone receptor (PR), and HER2/neu) [33] . Also for low risk loci, associations with breast tumor subtypes have been described [33, 34] . Lobular and ductal BCs are believed to follow different pathways in tumorigenesis [35] . It might be interesting to look for associations of MUTYH variants, specifically in a large group of lobular BC patients.
Conclusions
Our results do not confirm the data from two earlier studies which suggested a significantly increased BC risk among carriers of bi-allelic MUTYH mutations [4, 6] . No bi-allelic carriers of pathogenic MUTYH mutations were found in two large groups of BC patients. Also an effect of monoallelic MUTYH mutations as earlier suggested could not be significantly confirmed [7, 29] . Although our study is the largest case-control study for MUTYH variants and BC to date, the power is expected to be insufficient for ORs below 2.0. Several trends towards association were observed between different MUTYH variants and clinical parameters, such as the BRCAx phenotype and lobular type of BC histology, which might be interesting for future studies.
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